The characterization of mutants with altered leaf shape and pigmentation has previously allowed the identification of nuclear genes that encode plastid-localized proteins that perform essential functions in leaf growth and development. A large-scale screen previously allowed us to isolate ethyl methanesulfonateinduced mutants with small rosettes and pale green leaves with prominent marginal teeth, which were assigned to a phenotypic class that we dubbed Angulata. The molecular characterization of the 12 genes assigned to this phenotypic class should help us to advance our understanding of the still poorly understood relationship between chloroplast biogenesis and leaf morphogenesis. In this article, we report the phenotypic and molecular characterization of the angulata7-1 (anu7-1) mutant of Arabidopsis thaliana, which we found to be a hypomorphic allele of the EMB2737 gene, which was previously known only for its embryonic-lethal mutations. ANU7 encodes a plant-specific protein that contains a domain similar to the central cysteine-rich domain of DnaJ proteins. The observed genetic interaction of anu7-1 with a loss-offunction allele of GENOMES UNCOUPLED1 suggests that the anu7-1 mutation triggers a retrograde signal that leads to changes in the expression of many genes that normally function in the chloroplasts. Many such genes are expressed at higher levels in anu7-1 rosettes, with a significant overrepresentation of those required for the expression of plastid genome genes. Like in other mutants with altered expression of plastid-encoded genes, we found that anu7-1 exhibits defects in the arrangement of thylakoidal membranes, which appear locally unappressed.
INTRODUCTION
The characterization of leaf shape mutants has allowed the identification of genes that control key events in the development and growth of leaves, from the recruitment of initial cells at the flank of the shoot apical meristem to the patterning of its constituent tissues along the abaxial-adaxial, proximal-distal and medial-lateral axes (P erez-P erez et al., 2009; Gonz alez and Inz e, 2015; Sluis and Hake, 2015) . While some of these genes have been found to encode transcriptional or post-transcriptional regulators, a significant proportion of the mutations that affect the size and shape of plant leaves damage proteins that perform a variety of housekeeping functions, from enzymes that catalyze steps of biosynthetic pathways to subunits of the cytosolic ribosome (P erez-P erez et al., 2009) . In line with this idea, the systematic cloning of genes identified in our largescale screen for ethyl methanesulfonate (EMS)-induced mutants with abnormal leaf size and/or shape has evidenced that not few of such genes code for enzymes that catalyze steps in the biosynthesis pathways of arginine (Moll a-Morales et al., 2011), cellulose (Rubio-D ıaz et al., 2012) or tetrapyrroles (Quesada et al., 2013) . The two most abundant phenotypic classes identified in this screen comprise mutants carrying alleles of nuclear genes that encode subunits of the cytosolic ribosome (Van Minnebruggen et al., 2010; Horiguchi et al., 2011; Casanova-S aez et al., 2014a) and chloroplast-localized proteins, respectively (Casanova-S aez et al., 2014b; Mateo-Bonmat ı et al., 2014 . Remarkably, many of the mutations in genes that appear to be housekeeping do not cause a mere growth retardation, but instead they cause specific phenotypes, as other authors have previously reported (Tsukaya et al., 2013) .
We recently reported the cloning of five genes whose mutant alleles cause phenotypes that we assigned to one such classes, the Angulata (Anu) phenotypic class, which is defined by mutant alleles of 12 different genes, named ANU1 to ANU12 (Bern a et al., 1999; P erez-P erez et al., 2009) . Mutations in all these genes cause a pleiotropic phenotype that includes both defects in leaf size and shape and pale green pigmentation. The genes cloned so far include ANU1, ANU4, ANU9, ANU10 and ANU12 (Casanova-S aez et al., 2014b; Mateo-Bonmat ı et al., 2014) , which in most cases encode proteins that contain an N-terminal chloroplast transit peptide. We found our anu1, anu4, anu9 and anu12 mutants to be loss-of-function, viable alleles of the SECA2, TRANSLOCON AT THE OUTER MEMBRANE OF CHLOROPLASTS 33 (TOC33), NON-INTRINSIC ABC PRO-TEIN 14 (NAP14) and CLP PROTEASE PROTEOLYTIC SUB-UNIT 1 (CLPR1) genes (Jarvis et al., 1998; Koussevitzky et al., 2007; Shimoni-Shor et al., 2010; Skalitzky et al., 2011) . The ANU10 gene, by contrast, was found to encode a conserved, previously undescribed protein that is widespread throughout the plant kingdom and is required for thylakoid stacking in chloroplasts (Casanova-S aez et al., 2014b) , demonstrating that mutational approaches remain a powerful tool to identify new molecular components even for processes that have been intensively surveyed over the last decades, such as photosynthetic function.
Here we report the cloning of an additional gene in this phenotypic class, ANU7, which encodes a plant-specific protein containing a domain with conserved cysteine and glycine residues that is similar to an incomplete central cysteine-rich (CR) domain, which accounts for the disulfide isomerase activity of DnaJ proteins. DnaJ proteins normally function as chaperones, either alone or in combination with heat shock protein 70 (Hsp70), and have been proposed to participate in the folding, unfolding, assembly and degradation of proteins, maintaining protein homeostasis under normal or stress conditions (Hennessy et al., 2005; Craig et al., 2006; Liu et al., 2007) . Although the complete loss of ANU7 function causes embryonic lethality, our EMS-induced allele is hypomorphic and viable, and has allowed us to demonstrate that ANU7 is required for the accumulation of photosynthetic pigments and the correct organization of the thylakoid membrane system.
RESULTS

Phenotype of the anu7-1 mutant
In order to further our understanding of the basis of the Angulata phenotype, we have characterized the angulata7-1 (anu7-1) mutant, which was isolated in a large-scale screen for EMS-induced mutants with abnormal leaf size, shape or pigmentation (Bern a et al., 1999) . The anu7-1 allele is recessive and causes a phenotype similar to that caused by mutant alleles of other ANU genes, including pale green leaves with prominent marginal teeth and reduced leaf growth (Figure 1a-h ). In line with this observation, the projected area of the basal rosettes of anu7-1 plants was significantly reduced (P < 0.001) relative to the wild-type parental line, the Landsberg erecta (Ler) accession (Figure 1p ). This reduction became apparent soon after germination, persisted throughout the lifespan of the plants, and was accompanied by reductions in fresh and dry weights that were statistically significant 14 days after stratification (das; Figures 1q and S1 ). The anu7-1 mutant seemed to recover~4 weeks after stratification, when no significant difference in fresh and dry weight with Ler was detected (Figures 1o and S1 ). A severe reduction in stem length was observed, despite no differences in flowering time were detected between mutant and wildtype plants ( Figures S1 and S2) .
The pale green phenotype of anu7-1 leaves was found to be linked to a significant reduction in the levels of chlorophylls a and b, as well as in the levels of carotenoids (Figure 2) . The presence of hydrogen peroxide, a reactive oxygen species (ROS), was tested by incubating the leaves with 3,3 0 -diaminobenzidine (DAB), but a clear difference between mutant and wild-type plants was not observed ( Figure S3 ).
Histological characterization of the anu7 mutant
We examined the developmental defects of the anu7 mutant using light and electron microscopy. To this end, we initially cleared rosette leaves from the first and third nodes of anu7-1 mutant plants using chloral hydrate and examined their internal tissues using differential interference contrast (DIC) microscopy, which uncovered a vascular network with apparently normal topology. An irregular, wider distribution of palisade mesophyll cell sizes, accompanied by increased airspaces, was observed in paradermal and transverse sections of anu7-1 mutant leaves ( Figure 3 ). This observation links the anu7-1 mutant to other mutants in the Angulata phenotypic class, such as the anu10 mutants, which also display an altered distribution of cell sizes in the palisade mesophyll (Casanova-S aez et al., 2014b) . The ultrastructure of the chloroplasts in mesophyll cells of plants grown under continuous light was studied using transmission electron microscopy (TEM; Figure 4 ). In the mutant, the chloroplasts contained large starch granules (similar to those of the wild-type) and abundant thylakoid membranes, which seemed to fill a larger fraction of their internal space. In general, both the mutant and the wild-type chloroplasts contained stacks of tightly appressed thylakoidal membranes (i.e. grana). However, these membranes occasionally appeared unappressed in the anu7-1 chloroplasts, resulting in a locally increased luminal space between the thylakoidal membranes (white arrowheads in Figure 4f ).
Positional cloning of the ANU7 gene
To gain insight into the molecular processes that are disrupted in the anu7-1 mutant, we followed a map-based (p) Figure 1 . Phenotypes of homozygous and heterozygous plants for anu7 mutant alleles and phenotypic rescue of anu7-1.
(a-e, k, m, n) Rosettes, (f-j) third-node leaves, and (l, o) adult plants. Pictures were taken (a-c, f-h, m, n) 16, (d, e, i, j) 21, (k) 34, (o) 42, and (l) 60 days after stratification (das). Scale bars indicate (a-k, m, n) 2 mm, and (l, o) 2 cm. (p, q) Quantification of phenotypic traits of anu7 mutant alleles: (p) Rosette area and (q) fresh weight of Ler, anu7-1, anu7-1 35S pro :ANU7, Col-0 and anu7-2 plants. Error bars indicate standard deviations. Asterisks indicate values significantly different from the corresponding wild-type in (p) Student's t-test (***P < 0.001, n = 20-30), and (q) Mann-Whitney U-test (*P < 0.05, ***P < 0.001, n = 8).
[Colour figure can be viewed at wileyonlinelibrary.com] approach to identify the ANU7 gene ( Figure 5 ). We first mapped the gene to chromosome 5 using microsatellite and single nucleotide polymorphism (SNP) markers (Figure 5a ; Ponce et al., 2006; Robles and Micol, 2001 ). The gene was subsequently mapped to a shorter interval delimited by the At5g53700 and At5g53902 genes, which encompassed 26 genes ( Figure 5b ). Sequencing of candidate genes within this interval allowed us to identify a single Gto-A transition mutation in the coding sequence (CDS) of the At5g53860 gene ( Figure 5c ). This gene, also known as EMBRYO DEFECTIVE 2737 (EMB2737), is present in a single copy in the genome of Arabidopsis. Two additional, embryo-lethal alleles have been described, emb2737-1 (anu7-2) and emb2737-2 (anu7-3), which arrest the embryogenesis at the cotyledon stage (Tzafrir et al., 2003) .
To demonstrate that ANU7 is the same gene as EMB2737, we performed complementation crosses between anu7-1 and plants heterozygous for each of the embryo-lethal alleles, emb2737-1 and emb2737-2. The F 1 progenies of these crosses comprised phenotypically wildtype plants and plants similar to anu7-1 homozygotes in a 1:1 ratio, as expected from crosses involving plants that were heterozygous for the lethal alleles (Figure 1m,n) . The observed non-complementation indicates that the anu7-1, emb2737-1 and emb2737-2 all damage the same gene. The viability of the anu7-1/emb2737-1 and anu7-1/emb2737-2 heterozygotes suggests that anu7-1 is a partial loss-offunction (hypomorphic) allele of the ANU7 gene, while emb2737-1 and emb2737-2 might be null alleles. An additional confirmation for the correct identification of ANU7 as the At5g53860 gene came from the complementation of the mutant phenotype of anu7-1 with a 35S pro :ANU7 transgene, which expresses a wild-type copy of the ANU7 gene under the control of the 35S promoter. We isolated 12 independent transformants in the anu7-1 background. Six of these transformants exhibited a completely wild-type phenotype (Figure 1c , h, o), and six more displayed an intermediate (partially complemented) phenotype. The phenotypic rescue was observed for all the studied traits, including rosette area (Figure 1p ), fresh and dry weight (Figures 1q and S1 ), pigment content (Figure 2) , and histology (Figures 3 and 4g-i ). In addition, we also isolated four independent transformants carrying insertions of a 35S pro : ANU7:GFP translational fusion, which also complemented the mutant phenotype.
Data available from the Arabidopsis eFP Browser (Winter et al., 2007; http://www.bar.utoronto.ca/) indicate that the ANU7 gene is broadly expressed in both the root system and above-ground tissues. To characterize the ANU7 expression pattern with higher resolution, we isolated transgenic lines expressing an ANU7 pro :GUS transgene. In young (7 das) Ler seedlings, we detected GUS signal in the primary root, hypocotyl, cotyledons, shoot apical meristem and leaf primordia (Figure 6a ). In cotyledons and leaves, the expression was most conspicuous at the venation pattern and hydathodes (Figure 6b , c), but GUS signal was also detected in mesophyll cells and the guard cells of stomata (Figure 6d, e) . In roots, the expression was most intense at the root apex and the vascular cylinder (Figure 6a, f) . Residual expression was detected in cauline leaves (Figure 6g ). In immature flowers, the signal was highest in the pistil and petals (Figure 6h ). In mature flowers, expression was detected at the receptacle, stigmata, anther filaments, and the venation of petals (Figure 6g-i) . In siliques, we also observed GUS signal in the funiculi and the micropylar region of fertilized ovules and developing seeds (Figure 6j ). The ANU7 gene encodes a plastid-localized protein of unknown function
The most recent annotation of the Arabidopsis genome (TAIR10) includes several splice forms for the At5g53860 gene. The longest form (At5g53860.4) encodes a protein that consists of 459 amino acids and has a predicted molecular mass of 52.9 kDa. This isoform spans over a genomic region of 3.5 kb and comprises 13 exons, with the translation initiation codon (ATG) being located in exon 1 and the stop codon located in exon 13. The anu7-1 mutation resides in exon 4, five nucleotides upstream of the donor site of intron 5, and causes a nonsynonymous Glyto-Glu substitution at codon 173 of the protein ( Figure 5 ). All the sequenced RT-PCR products spanning the site of the anu7-1 mutation were correctly spliced. We also confirmed the presence of T-DNA insertions in the emb2737-1 and emb2737-2 mutants, which are located at the third and the next-to-last intron, respectively.
Other shorter transcripts have been described, which are generated by exon skipping (e.g. of exon 5 in At5g53860.1, of exon 8 in all but At5g53860.4) and/or by using alternative splice donor and/or acceptor sites (e.g. as in isoforms At5g53860.3 and At5g53860.5). In all cases, these alternative transcripts are predicted to encode shorter proteins with in-frame insertions and/or deletions. To evaluate the significance of these splice forms, we retrieved 87 expressed sequence tags (ESTs) that were available for this gene from the Unigene database (Unigene At.22001), and assembled them using CAP3 (Huang and Madan, 1999) . Our assembly indicates that most of the available sequences (79 out of 87) can be assembled into a contig ( Figure S4 ) that perfectly matches the sequence of the At5g53860.2 isoform (accession number NM_124765.4), which lacks exon 8 (relative to At5 g53860.4) and encodes a protein of 422 amino acids and a predicted molecular mass of 48.3 kDa, suggesting that this is the predominant isoform of the protein.
We carried out BLASTP and PSI-BLAST searches in order to identify the closest homologues from other species. In line with the result of our CAP3 assembly, we identified more than 50 highly similar sequences that best match the structure of the At5g53860.2 isoform. We found similar sequences from the moss Physcomitrella patens (XP_001783194), the lycophyte Selaginella moellendorffii (XP_002985760), and numerous flowering plants, including the basal angiosperm Amborella trichopoda (XP_006859011.1), many dicots (including the basal dicot Nelumbo nucifera, XP_010260241.1) and some monocot lineages ( Figure 5d ). Interestingly, our PSI-BLAST searches failed to identify hits to proteins from gymnosperms or the grasses, as well as hits to proteins outside the plant kingdom, suggesting that ANU7 is the founding member of a plant-specific protein family that has been lost at least twice during the evolution of land plants ( Figure S5 and Table S1 ). All these proteins lack a known function and do not contain previously described domains, although a motif with partial similarity to the central cysteine-rich (CR) domain of DnaJ proteins is detected in some of them (PF00684, IPR001305). We performed a multiple sequence alignment using the amino acid sequences from ANU7 and other closely related proteins, which were selected from among the output of the BLASTP searches ( Figure S5a ). Different from DnaJ CR-type proteins, which contain four repeats of the C-x(2)-C-x-G-x-G motif, our alignment only uncovered two highly conserved C-x(2)-C-x-G-x-G repeats separated by 50 or 51 amino acid residues, which were immediately adjacent to two additional, incomplete C-x(2)-C-x-G or C-x(2)-C repeats. These repeats were present in all ANU7-like proteins. Previous authors have proposed that the C-x(2)-C-x-G-x-G-x(42,53)-C-x(2)-C-x-G-x-G motif can fold into a single zinc binding center (Hsu et al., 2011) , different from typical DnaJ CR-type proteins, which contain two zinc fingers. Interestingly, the third Gly residue in this motif is the one damaged by the anu7-1 mutation, highlighting its functional importance (Figure 5d ).
Despite the fact that the ANU7 protein has been detected in the chloroplast (plastid) proteome (Zybailov et al., 2008; Huang et al., 2013) , several bioinformatics tools, including ChloroP (Emanuelsson et al., 1999) and PCLR (Schein et al., 2001) , failed to identify an N-terminal chloroplast transit peptide (cTP) in the amino acid sequences of ANU7 and its homologues, suggesting that these proteins are non-canonical chloroplast proteins (Armbruster et al., 2009) . To confirm this subcellular localization pattern, we isolated transgenic plants expressing C-terminal fusions of the ANU7 protein to GFP, YFP and CFP, as well as an Nterminal fusion of ANU7 to GFP. Despite our 35S pro :ANU7: GFP constructs were able to complement the phenotype of anu7-1 mutants, we were not able to detect fluorescence in the plastids using any of these constructs.
Plants homozygous for the embryo-lethal emb2737-1 and emb2737-2 alleles can grow postembryonically in the presence of sucrose Families segregating the emb2737-1 and emb2737-2 mutations were sown in Murashige and Skoog medium containing 1% (m/v) sucrose. In these conditions, the emb2737-1/ emb2737-1 and emb2737-2/emb2737-2 homozygotes were able to germinate, although at a low rate, and gave rise to albino plants with a growth phenotype that was more severe than those of the anu7-1/anu7-1 homozygotes and the anu7-1/emb2737-1 and anu7-1/emb2737-2 heterozygotes (Figure 1m, n) . In the presence of sucrose, the phenotype of the emb2737-2 (anu7-3) mutant was more severe than that of the emb2737-1 (anu7-2) mutant, showing that the anu7-2 mutation does not completely abolish the function of the protein. Similar to the anu7-1 allele, the phenotype of the anu7-2 allele partly recovered in older plants, although not as much as the phenotype of the anu7-1 allele. To determine if photosynthesis was impaired in these mutants, we carried out measurements of the F v /F m ratio in mutant and wild-type plants. Despite the fact that anu7-1 had slightly lower chlorophyll amounts, anu7-1 and Ler showed similar F m and F v /F m values at 16 das. We performed similar measurements using anu7-2 plants grown in the presence of sucrose until 38 das (when the plants displayed a small rosette with albino leaves). Under these conditions, the anu7-2 mutant had very low F m and F v /F m values relative to Col-0 ( Figure S6 ). Despite the low stature of their inflorescences, adult anu7-2 plants were bushier than the wild-type (Figure 1l, o) . The severe phenotype of anu7-2 plants grown in the presence of sucrose closely resembled the phenotype of the scabra3-2 mutant, which carries a strong allele of the gene encoding the nuclearencoded plastid-targeted RNA polymerase (Hricov a et al., 2006) . Based on this observation, we hypothesized that a general defect in the transcription of plastid-encoded genes might be at the origin of the phenotype of the anu7 mutants.
Microarray analysis of the anu7-1 mutant
To identify genes that are differentially expressed in the leaves of the anu7-1 mutant and the Ler wild-type, we performed a microarray analysis with three biological replicates per genotype using Affymetrix ATH1 genome arrays. In order to increase the power of the statistical analysis and to eliminate non-relevant probe sets, we used the interquartile range (IQR) as a filtering criterion. We focused on those probe sets whose log 2 (intensity) values had an IQR greater than 0.5. Among the 22 810 probe sets present in the arrays, 1652 passed this criterion. We selected differentially expressed genes in Ler samples compared to anu7-1 samples using t and F statistics as described by Smyth (2004 (NP_568801.2) ; Aly, Arabidopsis lyrata (XP_002864286.1); Bna, Brassica napus (CDY20217.1); Bra, Brassica rapa (XP_009119926.1); Cru, Capsella rubella (XP_006280533.1); Tca, Theobroma cacao (XP_007021511.1); Gra, Gossypium raimondii (XP_012473151.1); Vvi, Vitis vinifera (XP_002285056.1); Rco, Ricinus communis (XP_002528255.1); Sly, Solanum lycopersicum (XP_004251862.1); Pda, Phoenix dactylifera (XP_008794135.1); Smo, Selaginella moellendorffii (XP_002985760.1); Ppa, Physcomitrella patens (XP_00783194.1). The sequences for Smo and Ppa were completed using genomic sequences available from Phytozome (Goodstein et al., 2012) . [Colour figure can be viewed at wileyonlinelibrary.com] Hochberg, 1995), 826 probe sets were detected as being signficantly differentially expressed, with log 2 (ratio) values ranging from 0.486 to 4.88 (1.4 ≤ ratio ≤ 29.4). Of these, 280 probe sets corresponded to genes that were expressed at lower levels in anu7-1, and 546 corresponded to genes that were expressed at higher levels in anu7-1 (Table S2) . To better understand these results, we searched for enriched gene ontology (GO) terms in these sets using the agriGO analysis tool (Du et al., 2010) . Forty-seven GO terms were found to be significantly enriched in the subset of probes that were expressed at higher levels in the anu7-1 mutant, including four in the 'Cellular Component' category, five in the 'Molecular Function' category, and 38 in the 'Biological Process' category (Table S3 ). In line with the observed phenotype, 98 probes shared the significantly overrepresented terms 'plastid' (GO:0009536) and 'chloroplast' (GO:0009507). Eight probes shared an additional term, 'nucleoid' (GO:0009295), and corresponded to seven genes that encode components of plastid transcriptionally active chromosome (pTAC) complexes, such as FE SUPEROXIDE DISMUTASE 2 (FSD2; At5 g51100), FSD3 (At5 g23310), FRUCTOKINASE-LIKE 1 (FLN1; At3 g54090), FLN2 (At1 g69200), PLASTID TRANSCRIPTIONALLY ACTIVE 2 (PTAC2; At1 g74850, also known as PIGMENT DEFECTIVE 343 or PDE343), PTAC10 (At3 g48500, also known as PDE312) and PTAC14 (At4 g20130). Mutations in these genes cause severe defects in chloroplast development and thylakoid organization (Pfalz et al., 2006; Myouga et al., 2008; Steiner et al., 2011; Gilkerson et al., 2012) , and their upregulation might reflect a compensatory response that is triggered in response to the plastid defects seen in anu7-1. The set of genes that are expressed at higher levels also included many genes encoded in the plastid genome, with a majority of them corresponding to genes transcribed by the nuclear-encoded RNA polymerase (NEP). Among these genes were three subunits of the plastidencoded RNA polymerase (PEP; rpoB, rpoC1 and rpoC2), many genes encoding ribosomal proteins (rpl14, rpl20, rpl22, rpl23, rpl36, rps15, and rps16), as well as other genes thought to be transcribed exclusively by NEP (accD, ycf2) or both by NEP and PEP (ndhB, ycf1). In order to validate the results of our microarray analysis using qRT-PCR, we selected seven genes encoding proteins associated to pTAC complexes: FSD2, FSD3, FLN1, FLN2, PTAC2, PTAC10 and PTAC14. As in the microarray, these seven genes were significantly expressed at higher levels in the anu7-1 mutant relative to the wild-type Ler (Figure 7) .
Eighteen additional GO terms were found to be significantly enriched in the subset of probes that were expressed at lower levels in the anu7-1 mutant, including 10 in the 'Biological Process' category and eight in the 'Molecular Function' category (Table S4 ). The most significantly
(i) enriched term in this subset was 'response to hormone stimulus' (GO:0009725), which was shared by 36 probe sets. Of these, 20 probe sets shared the 'response to auxin stimulus' (GO:0009733) term and eight the 'response to cytokinin stimulus' (GO:0009735) term. In link with the defects observed in the leaf mesophyll, numerous auxin-responsive genes were expressed at lower levels in the anu7-1 mutant, including numerous genes encoding members of the Aux/ IAA, ARF and SAUR protein families (Table S3 ). In addition to these, four genes of the ARR cytokinin response family were also expressed at lower levels in anu7-1.
The anu7-1 mutation genetically interacts with gun1-1
To investigate if the plastid defects observed in the anu7-1 mutant trigger a retrograde (plastid-to-nucleus) signal, we crossed anu7-1 to several non-allelic genomes uncoupled (gun) mutants, all of which exhibit defective retrograde signaling (Cottage et al., 2010) . In our growth conditions, gun1-1 plants are clearly distinct from anu7-1 plants, as the former have a wild-type morphology with green, normallyshaped leaves. We isolated anu7-1 gun1-1 double mutant plants in the selfed progeny of anu7-1/anu7-1;GUN1/gun1-1 sesquimutant plants. The genotype of the double mutants was confirmed by genotyping the plants by PCR and sequencing using primers from Table S5 . The anu7-1 gun1-1 double mutant exhibited a synergistic phenotype characterized by the presence of sectors with distinct pigmentation in the leaf lamina, from albino to completely green (Figure 8 ). The shape, orientation and distribution of these sectors were reminiscent of those seen in X-rayinduced chimeras (Steeves and Sussex, 1989) , strongly suggesting that distinct lineages of mesophyll cells are stably propagated through the mitotic divisions that take place during leaf development (Figure 8e-h ). Whether these sectors consist of mesophyll cells arising through a mechanism involving damage to the organellar genomes (like in the chloroplast mutator mutant of Arabidopsis; Mart ınez-Zapater, 1993) or through a different mechanism, remains an open question. In addition, the prominent marginal teeth characteristic of the anu7-1 single mutant were clearly, albeit not completely, suppressed in the anu7-1 gun1-1 double mutant (Figure 8 ). The increased intercellular spaces and the irregular distribution of palisade mesophyll cell sizes observed in anu7-1 were also suppressed in anu7-1 gun1-1 plants ( Figure S7 ). Other measured parameters, such as rosette area and pigment content, remained significantly different from those of the wild-type Col-0 ( Figures S8 and S9) . We also obtained anu7-1 gun2-1, anu7-1 gun3-1 and anu7-1 gun4-1 double mutants, which were very similar to one another and displayed an additive phenotype (Figure S10) . The lack of a genetic interaction between anu7-1 and these mutations can be attributed to the participation of GUN2, GUN3 and GUN4 in tetrapyrrole biosynthesis, while GUN1 seems to participate in an independent pathway (Vinti et al., 2000; Strand et al., 2003) .
DISCUSSION
Our characterization of the anu7-1 mutant has allowed us to identify the ANU7 gene, which was found to be the same gene as EMB2737, initially defined by its embryoniclethal alleles (Tzafrir et al., 2003) . As an essential gene, our expectation was to find homologues in all major clades of land plants. However, we were not able to find homologues in two clades that have been subjected to extensive genome sequencing efforts: the grasses and the gymnosperms. Except for these two exceptions, we found genes encoding highly similar proteins in all groups of land plants, including the bryophyte Physcomitrella patens and the lycophyte fern Selaginella moellendorffii. This result demonstrates that the common ancestor of land plants already had an ANU7-like gene in its genome. The absence of similar sequences in the genomes of grasses and gymnosperms indicates that this gene has possibly been lost independently at least twice during the evolution of land plants. Different from many other plant-specific genes that function in the plastids, we were not able to identify a distant homologue in Cyanobacteria, and all our attempts to identify a chloroplast transit peptide using computational tools failed. However, ANU7 has been identified as a plastid-localized protein by previous authors who have detected it in the plastids using different proteomic approaches (Zybailov et al., 2008; Huang et al., 2013) . We unsuccessfully tried to confirm the chloroplast localization pattern of ANU7 by expressing N-and C-terminal fusions of ANU7 to three different fluorescent proteins. Fold-change * * * * * * * * * * * * * * * * * Figure 7 . Expression of genes encoding pTAC components in the anu7-1 mutant.
qRT-PCR analysis of the nuclear genes FSD2, FSD3, FLN1, FLN2, pTAC2, pTAC10 and pTAC14 in Ler and anu7-1 rosettes collected 16 days after stratification (das). Bars indicate relative expression levels, as determined using the comparative C T method and normalized with the OTC housekeeping gene. Error bars indicate 2
The role of ANU7 in the plastids, however, is granted by the defects in plastid ultrastructure and the reduced F v /F m ratio observed in anu7 mutants. Indeed, the observation that the embryonic-lethal mutants can grow in the presence of an external carbon source (e.g. sucrose added to the culture medium) further supports the idea that the ANU7 gene plays a previously undescribed role in plastid function and carbon fixation, as also indicated by the locally unappressed thylakoidal membranes observed in the anu7-1 chloroplasts. Considering the similarity of the central CR domains of ANU7 and other DnaJ proteins, ANU7 proteins might have evolved from an ancestral DnaJ protein at an early stage in the evolution of land plants. Indeed, numerous DnaJ proteins have been shown to function in the chloroplasts, being involved in processes as diverse as the assembly and maintenance of photosynthetic complexes (Shimada et al., 2007; Albrecht et al., 2008; Chen et al., 2010; Lu et al., 2011; Muranaka et al., 2012; Tanz et al., 2012; Fristedt et al., 2014; Kong et al., 2014) , the assembly and regulation of Rubisco activity (Brutnell et al., 1999; Chen et al., 2010; Wang et al., 2015) , chloroplast development and differentiation (Vitha et al., 2003; Zhong et al., 2013; Zhu et al., 2015; Wang et al., 2016) , thylakoid membrane formation (Liu et al., 2005) and resistance against biotic stresses . Canonical DnaJ proteins contain four characteristic domains: a J-domain, a glycine/phenylalanine (G/F) rich domain, the above-mentioned CR domain and a carboxy-terminal domain. However, numerous DnaJ-like proteins lacking one or more of these domains have also been described. Based on the domains present, these proteins have been classified as type I (containing all the domains), type II (containing only the J-domain and the G/F domain), and type III (containing only the J-domain; Cheetham and Caplan, 1998) . In addition, some authors have found proteins that do not fit well into this classification. Our results suggest that ANU7 belongs to a distinct class, which we refer to as type IV, that comprises DnaJ-like proteins, such as the chloroplastlocalized LOW QUANTUM YIELD OF PHOTOSYSTEM II1 (LQY1; Lu et al., 2011) , SNOWY COTYLEDON 2 (SCO2; Shimada et al., 2007; Albrecht et al., 2008; Muranaka et al., 2012; Tanz et al., 2012) , PLASTID TRANSCRIPTION-ALLY ACTIVE 5 (PTAC5; Zhong et al., 2013) and PSA2 (Fristedt et al., 2014; Wang et al., 2016) proteins, which only contain the CR domain and lack other domains characteristic of DnaJ proteins. LQY1, SCO2, PTAC5 and PSA2 have been shown to exhibit protein disulfide isomerase (PDI) activity in vitro. Because this domain is only partially conserved in ANU7 and all its putative orthologs, it is presently unclear whether ANU7 can catalyze the reduction of disulfide bonds or if it can help other proteins to fold.
anu7-1 anu7-1 Supporting a role for ANU7 in the plastids, a significant number of nuclear genes whose products normally function in the plastids were found overexpressed in the anu7-1 mutant, including genes that code for seven subunits of pTAC complexes, which regulate gene expression in the plastid genome. In close agreement with this, we also detected higher transcript levels for numerous plastidencoded genes, particularly those transcribed by the NEP, such as the rpo genes encoding subunits of the PEP. The elevated levels of nucleus-encoded pTAC components in the anu7-1 mutant are likely to represent a compensatory response triggered by the observed defects in chloroplast organization and function. The higher expression levels seen for plastid genes that are transcribed by NEP can also be seen as part of this compensatory response. Interestingly, the accumulation of transcripts for pTAC and PEP subunits was not paralleled by a concomitant increase in the expression of PEP-transcribed genes, suggesting that ANU7 might function in the correct folding or assembly of the plastid transcriptional machinery. Mutations that damage two different bacterial-type sigma subunits, SIGMA2 (SIG2) and SIG6, which are required for the activity of PEP, lead to a similar overexpression of NEP-transcribed plastid genes (Nagashima et al., 2004; Ishizaki et al., 2005) . To illustrate this, 17 out of 30 plastid-encoded genes reported to be expressed at higher levels in a sig2-1 mutant were also overexpressed in the anu7-1 mutant (Nagashima et al., 2004) .
The work of Zhong et al. (2013) on PTAC5 allows us to speculate on the possible function of ANU7 in the plastid. These authors hypothesized that the PDI activity of PTAC5 might be involved in disulfide bond formation in CR proteins that form part or interact with PEP complexes, such as PTAC2 and the plastid-encoded subunits of PEP, which were overexpressed in the anu7-1 mutant. The synergistic interaction between the anu7-1 mutation and a loss-of-function mutation of GUN1, which encodes a protein most similar to the PTAC2 component of pTAC complexes (Koussevitzky et al., 2007; Pesaresi et al., 2007; Pogson et al., 2008) , points to a functional relationship between ANU7 and GUN1, both of which have been isolated in the nucleoid fraction of plastids (Cottage et al., 2008; Huang et al., 2013) . Because GUN1 contains 13 Cys residues and co-localizes with PTAC2, we hypothesize that ANU7 and PTAC5 might play similar roles in protein folding, perhaps by acting on a shared set of targets, including GUN1, PTAC2 and/or other cysteine-containing proteins. According to this idea, the redundant roles played by nucleoid-localized type-IV DnaJ proteins might be at the basis of the observed synergistic interaction between anu7-1 and gun-1. Indeed, GUN1 has been recently found to coimmunoprecipitate with PTAC2, PTAC5 and several Hsp70 proteins (Tadini et al., 2016) . Although ANU7 was not detected in this experiment, it might still interact with GUN1 indirectly, because DnaJ proteins are known partners of Hsp70 proteins.
Two intriguing aspects of the anu7-1 allele are the suppression of the margin serration and its ability to produce a variegated phenotype in a double mutant combination involving the hypomorphic gun1-1 allele. Previous authors have established a link between variegation and plastid translation, as mutations in two genes encoding different translation initiation factors, SUPPRES-SOR OF VARIEGATION 9 (SVR9) and FU-GAERI 1 (FUG1), can suppress the effects of variegated1 (var1) and var2 alleles (Miura et al., 2007; Zheng et al., 2016) . The suppression of var2 variegation is mediated by a reduction in plastid translation, indicating that less FtsH2 protein is needed when translation decreases. GUN1, which is known to coimmunoprecipitate with FUG1 (Tadini et al., 2016) , is involved in attenuating the expression of chloroplast-targeted proteins when plastids are dysfunctional (Kakizaki et al., 2009) , presumably as a protective mechanism to help to cope with the dysfunction. As a result, loss of GUN1 will lead to elevated expression of some genes, and enhancement of some plastid activities, which may actually be harmful. Loss of the GUN1-mediated attenuation would allow a more wild-type-like leaf margin morphology of anu7-1 gun1-1, and might also explain its variegated phenotype.
The compromised translation of plastid proteins in svr9 mutants not only suppresses the variegation, but also causes increased intercellular air space and a serrated leaf margin that are very similar to those of anu7-1 leaves. The margin serration of svr9 is thought to occur as a consequence of changes in auxin homeostasis (Zheng et al., 2016) . The changes in anu7-1 might also result from defective auxin biosynthesis or transport, as pointed out by Zheng et al. (2016) . We found numerous auxin-responsive genes expressed at lower levels in the anu7-1 mutant, including genes encoding members of the Aux/IAA, ARF and SAUR protein families. In addition to these, four members of the ARR family of cytokininresponsive genes were also expressed at lower levels in anu7-1. Previous work in our laboratory (P erez-P erez et al., 2010) has linked some of these genes with the proliferation of mesophyll cells in the leaves of Arabidopsis thaliana, suggesting that the abnormal growth of anu7-1 leaves might, at least in part, be a consequence of an altered auxin response. The work of Andriankaja et al. (2012) has shown that the exit of leaf mesophyll cells from a proliferative state and their progression towards a differentiated state depend on signals produced by the chloroplast. The lower expression levels of auxin-and cytokinin-related genes in the anu7-1 mutant suggest that the chloroplast might trigger such a developmental transition by means of hormonal signals.
EXPERIMENTAL PROCEDURES Plant material, growth conditions and crosses
Seeds of the Arabidopsis thaliana (L.) Heynh. wild-type accessions Col-0 and Ler, as well as T-DNA heterozygous lines EMB2737/ emb2737-1 (N16187) and EMB2737/emb2737-2 (N24089), were obtained from the Nottingham Arabidopsis Stock Centre (NASC). The anu7-1 mutant was isolated in a Ler background after EMSinduced mutagenesis as previously described in Bern a et al. (1999) . Seeds of gun1-1, gun2-1, gun3-1 and gun4-1 mutants used to test genetic interactions were kindly provided by Dr N. Mochizuki. The gun1-1 to gun4-1 mutants were isolated in a screen for EMS-induced mutants resistant to the herbicide Norflurazon carried out on the pOCA107-2 transgenic line in the Col-0 background (Susek et al., 1993; Mochizuki et al., 2001; Larkin et al., 2003) .
Seed sterilization and sowing, plant culture, crosses and allelism tests were performed as previously described (Ponce et al., 1998; Bern a et al., 1999) . The genotypes of double mutants and homozygous T-DNA insertions were confirmed by PCR amplification and/or sequencing.
Plant morphometry, histology and microscopy
Pictures from Arabidopsis whole plants were taken using a Canon PowerShot SX200 IS digital camera. Individual rosettes and leaves were imaged using a Nikon SMZ1500 stereomicroscope equipped with a Nikon DXM1200F digital camera. Micrographs of internal leaf tissues were obtained from cleared leaves using DIC optics on a Leica DMRB microscope equipped with a Nikon DXM1200 digital camera (Candela et al., 1999; P erez-P erez et al., 2011) . Diagrams of palisade mesophyll cells were generated by drawing the outlines of the cells using a Wacom DTF-720 Pen Display and the Adobe Photoshop CS3 software, as previously described Rubio-D ıaz et al., 2012; Ferr andez-Ayela et al., 2013) . Cell area measurements were performed from these diagrams, using the NIS Elements AR 3.1 image analysis package.
Transverse sections of leaves were obtained by fixing and dehydrating plant material as described by Serrano-Cartagena et al. (2000) . Samples were embedded in Technovit7100 resin and 5-lm thick sections were obtained using a Microm HM350S microtome. Sections were stained with 0.1% toluidine blue and imaged using a Leica DMRB microscope equipped with a Nikon DXM1200 digital camera under bright-field illumination (Hricov a et al., 2006) . For TEM, leaf tissue was fixed and prepared as previously described (Hricov a et al., 2006; Casanova-S aez et al., 2014b) . Samples were visualized at 80 kV using a JEOL 1011 transmission electron microscope equipped with a Gatan 792 BioScan digital camera.
DAB and GUS staining
To determine the accumulation of hydrogen peroxide, third-node leaves from Ler and anu7-1 plants were incubated in 1 mg mL À1 3,3 0 -diaminobenzidine (DAB; Sigma-Aldrich, Darmstadt, Germany) and cleared as described in Casanova-S aez et al. (2014b) . GUS staining of plant tissues was performed as reported in Robles et al. (2010) .
Dry weight, pigment and chlorophyll fluorescence determination
Dry weight quantification and pigment concentration of Ler, anu7-1, Col-0, anu7-2 and 35S pro :ANU7 transgenic plants at different ages were performed as previously described in Casanova-S aez et al. (2014b) . Chlorophyll fluorescence was analysed using pulse amplitude modulation; the maximum efficiency of PSII (F v /F m ratio) was measured using a DUAL-PAM/F system (Walz). Before the measurements, Ler and mutant plants were dark-adapted for 30 min.
Positional cloning of the anu7-1 mutation Low-resolution mapping of the anu7-1 mutation was carried out as described in Ponce et al. (2006) . For fine mapping, 16 different molecular markers were used (Table S1 ). To find the anu7-1 mutation, a 3349 bp fragment encompassing the At5g53860 transcription unit was amplified by PCR from Ler and anu7-1 genomic DNA, and sequenced on an ABI PRISM 31309l Genetic Analyser (Applied Biosystems, Waltham, MA, USA). Primers used for cloning and sequencing the At5g53860 gene can be found in Table S1 .
Constructs and plant transformation
To prepare Gateway entry clones for 35S pro :ANU7, 35S pro :ANU7: GFP, 35S pro :ANU7:YFP, 35S pro :ANU7:CFP and 35S pro :GFP:ANU7 constructs, the full-length CDS of At5g53860.2 was amplified from Col-0 cDNA using ANU7-cds-F and ANU7-cds-R primers containing attB1 and attB2 sites (Table S1 ). The ANU7-cds-F1 and ANU7-cds-F3 primers contain a translation start site (ATG) in different frames. The ANU7-cds-R1 primer contains a stop codon. The ANU7-cds-R2 primer lacks a stop codon and was designed to facilitate the making of C-terminal fusions. All inserts were amplified using Phusion polymerase (Thermo Scientific, Waltham, MA, USA) and the amplification products were cloned into the pGEM-T Easy221 vector (kindly provided by Prof. B. Scheres) using BP clonase II (Life Technologies, Waltham, MA, USA). Overexpression constructs (35S pro :ANU7) were prepared by recombining an entry clone (derived from the ANU7-cds-F1/ANU7-cds-R1 PCR product) and the pMDC32 destination vector (Curtis and Grossniklaus, 2003) using LR clonase II (Life technologies). Constructs to express a C-terminal fusion of ANU7 to GFP (35S pro :ANU7:GFP), YFP (35S pro :ANU7:YFP), and CFP (35S pro : ANU7:CFP) were generated by recombining an entry clone (derived from the ANU7-cds-F1/ANU7-cds-R2 PCR product) and pMDC83 (Curtis and Grossniklaus, 2003) , pEarleyGate101 and pEarleyGate102 (Earley et al., 2006) , respectively. Constructs to express an N-terminal fusion of ANU7 to GFP (35S pro :GFP:ANU7) were generated by recombining an entry clone (derived from the ANU7-cds-F3/ANU7-cds-R1 PCR product) and pMDC45 (Curtis and Grossniklaus, 2003) . To generate the ANU7 pro :GUS construct, a 533 bp fragment encompassing the intergenic region between At5 g53850 and At5 g53860, including the 3 0 -untranslated region (3 0 -UTR) of At5 g53850 and 5 0 -UTR of At5 g53860, was amplified from Col-0 genomic DNA using the ANU7-pro-F and ANU7-pro-R primers (which contain attB1 and attB2 sites; Table S1 ) and cloned into pGEM-T Easy221 using BP clonase II. The insert of the resulting entry clone was then transferred to pMDC163 (Curtis and Grossniklaus, 2003) using LR clonase II. Ler and anu7-1 plants were transformed with appropriate constructs using the floral-dip method (Clough and Bent, 1998) using Agrobacterium tumefaciens strain C58C1. T1 transgenic plants were selected on Petri dishes supplemented with 15 lg mL À1 hygromycin B (Invitrogen, Waltham, MA, USA).
Bioinformatics
We used the command-line version of CAP3 with default parameters (http://pbil.univ-lyon1.fr/cap3.php) (Huang and Madan, 1999) to assemble 87 expressed sequence tag (EST) sequences (downloaded from GenBank on 28 January 2016) in an attempt to identify the biologically relevant transcript isoform of ANU7. The identification of putative ANU7 homologues from other plant species was carried out with BLASTP and PSI-BLAST (Altschul et al., 1997) . Amino acid sequences were aligned using the consistency-based method implemented in T-Coffee (Notredame et al., 2000) . Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 6 (Tamura et al., 2013 ; http://www.me gasoftware.net). The lowest BIC (Bayesian Information Criterion) score corresponded to a Jones-Taylor-Thornton (JTT) substitution pattern, modeling the non-uniformity of evolutionary rates by using a discrete Gamma distribution (+G) with five rate categories and by assuming that a certain fraction of sites are evolutionarily invariable (+I). The analysis involved 61 amino acid sequences. All positions containing gaps and missing data were eliminated, leaving a total of 396 positions in the final dataset.
Statistical analyses
Statistical analyses were carried out in order to compare the anu7-1, anu7-2 and anu7-1 35S pro :ANU7 phenotypic traits with their corresponding wild-type plants. Depending on the number of samples, we used the Mann-Whitney U-test (n ≤ 10) or Student's t-test (n > 10; Robles et al., 2010) .
Microarray
Total RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany) from three biological replicates of Ler and anu7-1 rosettes collected 21 das (12 lg of total RNA per replicate, which were isolated from 100 mg of tissue from at least nine different plants). Microarray experiments were performed at DNAVision (Charleroi, Belgium). Total RNA (3 lg) was labeled with the Onecycle Target Labeling kit (Affymetrix, Santa Clara, CA, USA) according to the manufacturer's protocol. The resulting biotinylated cRNA was fragmented and hybridized to Arabidopsis ATH1 Genome Array GeneChips, which were processed using an Affymetrix Model 450 Fluidics Station and scanned on an Affymetrix Model 3000 scanner. Raw data were normalized using the Robust Microarray Analysis algorithm (Irizarry et al., 2003a,b) . Differentially expressed genes were identified using the IQR as a filtering criterion. The IQR is a measure of the data variability, and it is calculated as the difference between the Q3 and Q1 quartiles. We considered as invariant genes those with an IQR below 0.5. GO terms significantly enriched among the differentially expressed genes were identified using the Singular Enrichment Analysis tool implemented in the agriGO server, selecting 'Affymetrix ATH1 Genome Array (GPL198)' as the background reference. Fisher's statistical tests with Yekutieli (FDR under dependency) multi-test correction were performed with a 0.05 significance level.
RNA isolation, cDNA synthesis and RT-qPCR
Total RNA was extracted from~100 mg of Ler and anu7-1 rosettes collected 16 das using TRI Reagent (Sigma-Aldrich). Genomic DNA was eliminated with the TURBO DNA-free Kit (Invitrogen). Reverse transcription was carried out using random hexamers and the Maxima Reverse Transcriptase system (Fermentas, Waltham, MA, USA). Triplicate PCR reactions of four different biological replicates were prepared as described in Mateo-Bonmat ı et al. (2015) . The ORNITHINE TRANSCARBAMILASE (OTC) gene (Quesada et al., 1999) was used as the internal control. Relative quantification of gene expression data was performed using the comparative C T method (Schmittgen and Livak, 2008 ) on a Step One Plus Real-Time PCR System (Applied Biosystems). The primers used for qPCR analyses are listed on Table S1 .
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